Many genes and molecules that drive tissue patterning during organogenesis and tissue regeneration have been discovered. Yet, we still lack a full understanding of how these chemical cues induce the formation of living tissues with their unique shapes and material properties. Here, we review work based on the convergence of physics, engineering and biology that suggests that mechanical forces generated by living cells are as crucial as genes and chemical signals for the control of embryological development, morphogenesis and tissue patterning.
Introduction
We now know many genes, morphogens and signaling molecules that govern tissue genesis. However, we do not fully understand how these chemical cues drive the formation of living tissues and organs with specialized forms and unique physical properties (e.g. rigidity, elastic recoil or viscoelasticity) required to pump blood, withstand repetitive movements or lift our bodies up against the force of gravity. A century ago, much of developmental control was explained in mechanical terms. In his classic treatise On Growth and Form, D'Arcy Thompson described how patterns are "diagrams of underlying forces" (Thompson, 1917) . This is because a change in the three-dimensional (3D) shape of any structure, including living cells and tissues, must, at some level, result from the action of a force acting on a mass. Although this view was pushed aside by the advance of molecular biology, the relationship between physicality and developmental control is now coming into focus once again as a result of powerful new alliances between biologists, geneticists, engineers and physicists. This interdisciplinary approach has led to the discovery of fundamental links between mechanical forces, molecular biochemistry, gene expression and tissue patterning that drive embryogenesis and play a central role in morphogenesis and tissue maintenance throughout the life of an organism.
In this article, we highlight some of the recent advances in this emerging field of mechanical biology. In particular, we focus on the role of mechanical forces that are generated in the contractile actin cytoskeleton of living cells and that act on the adhesions of these cells to neighboring cells and to the extracellular matrix (ECM). We describe how both traction forces exerted locally by single cells and more generalized forces (e.g. fluid shear, hydrostatic pressure) resulting from tension generated within the cytoskeletons of large groups of cells in tissues and organs are central to the control of tissue pattern formation during virtually all stages of embryogenesis.
We also explore how mechanical signals are converted into changes in intracellular biochemistry and gene expression so that they influence fundamental mechanisms of cell fate determination and morphogenetic control that are also controlled by genes, soluble morphogens and chemical factors.
Mechanical forces in early development
The shaping of the living embryo results from cell division and progressive structural remodeling, beginning with the fertilization of the egg. Mechanical forces mold this process from the start, as they can influence egg activation, early asymmetric cell divisions and the establishment of initial embryonic polarity. For example, the first intracellular signaling event can be activated mechanically: the sperm of the horseshoe crab (Limulus polyphemus) penetrates the physical barrier of the egg using spring forces (see Box 1), which are stored in a specialized cytoskeletal structure known as the acrosome bundle and released by conformational changes of the actin cross-linking scruin-calmodulin protein complex (Shin et al., 2007; Sanders et al., 1996) . The physical penetration of the barrier by the sperm triggers a large transient increase in cytoplasmic calcium, which acts as a second messenger to drive downstream egg activation. Interestingly, the application of various types of physical forces (Box 1), including mechanical tension, osmotic pressure or hydrostatic pressure (Horner and Wolfner, 2008a ) (reviewed by Horner and Wolfner, 2008b) , can also activate Drosophila and sea urchin eggs. In Drosophila, this response is similarly triggered by inducing calcium influx, in this case through the physical activation of mechanosensitive ion channels on the cell surface, which induces downstream chemical signaling events (Horner and Wolfner, 2008a) . Although a similar role for physical forces has not been demonstrated directly in mammals, both enzymatic and mechanical mechanisms have been postulated to mediate sperm penetration through the egg barrier (Kim et al., 2008) . In any case, these experimental findings in lower organisms suggest that mechanical forces can play a significant signaling role from the earliest stage of embryological development.
Following activation, the fertilized egg divides repeatedly, and its progeny undergoes asymmetric cell divisions that contribute to lineage specification and to the development of axial asymmetries (Siller and Doe, 2009) . Although maternal signals are thought to generate asymmetry in early Drosophila embryos (St Johnston and Nusslein-Volhard, 1992) , in the single-cell-stage Caenorhabditis elegans embryo, axial asymmetry is established through the mechanochemical control exerted by PAR polarity proteins (Kozlowski et al., 2007) (Fig. 1) . Upon fertilization, the sperm donates CYK-4 RhoGAP, an inhibitor of the small Rho GTPase that controls cytoskeletal tension generation, which mechanically loosens the actin cortex near its entry point by inhibiting myosin. This results in the flow of cortical actin towards the opposite side of the cell (the potential anterior pole), owing to the contraction of the remaining intact cytoskeleton (Jenkins et al., 2006) . This cortical actin flow results in the movement of cortical PAR protein complexes (PAR-3/6) towards the anterior pole, as well as in the recruitment of cytoplasmic PAR-2 to the posterior pole, thereby generating PAR polarity (Munro et al., 2004) . After cell division, another RhoGAP, PAC-1, is recruited to the contact site between the daughter cells, whereas PAR-6 protein accumulates at the contact-free surface by inactivating another Rho GTPase, CDC-42 (Anderson et al., 2008) . Subsequent spindle orientation results from the generation of a net pulling force that pulls the spindle towards the cortex at the posterior pole. This tensional force (Box 1) is generated by the depolymerization of the astral microtubules and by a dyneindynactin motor complex that is anchored to the cell cortex through the LIN-5-GRP-1/2-Ga complex (Gonczy, 2008; Nguyen-Ngoc et al., 2007) . The position of this complex is governed by PAR polarity (Colombo et al., 2003; Panbianco et al., 2008) , which indicates that physical interactions between microtubules, the contractile actin cortex and external physical cues determine spindle orientation in these cells (Kozlowski et al., 2007) .
Interestingly, in vitro studies show that mitotic spindle orientation can be controlled mechanically by applying tension to transmembrane integrin receptors and their cytoskeletal linkages in cultured adult mammalian cells (Maniotis et al., 1997) , or by changing cell geometry and altering cytoplasmic microtubule alignment in yeast (Daga and Nurse, 2008) . By culturing cells on microengineered adhesive substrates (see Box 2), researchers have confirmed that the orientation of the spindle axis and of cell divisions is governed by the spatial distribution of ECM adhesions that resist cell traction forces, and not by chemical signals generated in response to ECM binding (Thery et al., 2005) .
The role of physical forces in controlling asymmetry in early-stage mammalian blastocysts remains controversial (Piotrowska-Nitsche et al., 2005; Torres-Padilla et al., 2007). However, mechanical pressure Fig. 1 . Regulation of asymmetric cell division by external physical cues in C. elegans eggs. In the C. elegans egg, contact with other cells causes the local accumulation of PAC-1 RhoGAP, which inhibits CDC-42 GTPase activity, leading to PAR-6 accumulation with activated CDC-42 at sites free of cell-cell contact. In addition, sperm donates the CYK-4 RhoGAP to the egg, which induces the formation of a loose actin network domain around the entry site (potential posterior pole) that generates a contractile cortical actin flow towards the opposite site (anterior pole). This cortical actin flow moves the PAR-3/6 complex to the anterior pole, and the cytoplasmic PAR-2 to the posterior pole. This PAR polarity modulates the pulling force generated by dynein-dynactin motor complexes that is exerted on depolymerizing microtubules through the LIN-5-GRP-1/2-Ga complex to determine spindle orientation (see inset). REVIEW Development 137 (9) due to spatial constraints imposed by the zona pellucida (the specialized ECM that surrounds the forming egg) has been suggested to influence cell alignment and divisions that specify early embryonic axis formation (Kurotaki et al., 2007) . This is supported by the finding that artificially distorting the egg to mimic the flattened form induced by cytoskeletal changes following fertilization is sufficient to orient the first cleavage plane in mice (Gray et al., 2004) .
These findings suggest that mechanical forces that physically deform cells can control their asymmetric division, and thereby dictate axis orientation at the tissue level. Cell distortion induced either by cell migration or fluid flow has been suggested to trigger the initial left-right (L/R) body plan symmetry-breaking event that takes place in the node of the primitive streak in chicks (Gros et al., 2009 ) and mice (Nonaka et al., 2002; Tanaka et al., 2005) . In chicks, the myosin II-driven leftward migration of the cells, which generates an asymmetric distribution of Sonic Hedgehog (Shh)-and Fgf8-producing cells around the node, appears to be induced by another type of physical signal: changes in bioelectrical activity regulated by a membrane H + /K + ATPase (Gros et al., 2009) . In mouse embryos, the left-right dynein (Lrd)-dependent rotation of motile cilia on the cells in the node in a consistent clockwise direction generates leftwardly directed, extra-embryonic fluid flow (Nonaka et al., 2002) . This flow generates a L/R morphogen gradient and asymmetric calcium signaling by transporting 'nodal vesicular parcels' that encapsulate Shh and retinoic acid, which induce changes in tissue and organ morphology responsible for L/R organ patterning (Tanaka et al., 2005) . The flow also causes the asymmetric deformation of the non-motile cilia at the periphery of the node, which activates asymmetric calcium influx through mechanosensitive polycystin-2 ion channels (McGrath et al., 2003) . Thus, initial symmetry breaking during the establishment of the body plan appears to result from highly orchestrated interplay between both chemical and mechanical cues.
Mechanical forces in mid-embryogenesis
How a clump of cells is organized into 3D tissues with specialized form and function has been a long-standing question in the field of developmental biology. Although early embryologists had a keen interest in the role of mechanical forces in developmental control (Lenoir, 1982) , interest waned with the advent of biochemistry and molecular biology, and as a result most current work on tissue patterning focuses on genetic programming and chemical signaling. But mechanical models of morphogenesis and embryological development continued to be explored (Steinberg, 1963; Beloussov et al., 1975; Keller, 1980; Oster et al., 1983; Ingber and Jamieson, 1985) , and some early experimental studies suggested that cell-generated contractile forces play a central role in the control of tissue morphogenesis and 3D organ formation (Ash et al., 1973) . In recent years, increasing numbers of investigators have begun to test these ideas through rigorous experimentation. As a result, it now evident that the formation of the first organized tissue structures during processes such as gastrulation and dorsal closure involve multiple biomechanical mechanisms that are crucial to developmental control. These processes that form the primitive metazoan body plan and that are regulated through reciprocal interplay between mechanical and chemical signals include: the sorting of progenitor cells into three distinct germ layers; patterning along the anteroposterior axis using a convergence-extension (CE) mechanism; invagination; folding; and the closure of cell layers into a hollow tube (Fig. 2) . For example, integrated mechanochemical control can be seen in the mechanism by which conserved chemical morphogens (e.g. Wnts) modulate the generation of cell tension by altering actomyosin activity in the cytoskeleton, while resulting tension-dependent changes in cell shape feed back to alter gene expression and the production of crucial signaling molecules. The diffusion of soluble factors and the transmission of mechanical forces over longer distances also work together to propagate shape transformations and to drive polarized cell differentiation [e.g. by using a planar cell polarity (PCP) mechanism], which establishes tissue patterning across larger size scales.
Progenitor cell sorting
Early work in the field of mechanical biology by M. S. Steinberg suggested that the sorting of early progenitor cells into discrete cell groupings and positions might be driven by tissue surface tension acting at intercellular membrane adhesions, much as surface tension
Box 2. Experimental approaches in mechanical biology

Micromanipulation
Fine glass microneedles oriented with a micromanipulator can be used to deform individual cells by applying suction to their membranes (Shao and Hochmuth, 1996) , or, when coated with integrin-binding ECM proteins, to apply tensional forces to integrin cell surface receptors, the cytoskeleton and nuclear scaffolds (Maniotis et al., 1997) .
Surface tensiometry
Tissues are placed between parallel plates, and compressional forces are applied to the tissues and then released; to calculate effective surface tension, cell shape changes are measured as the tissues restore their shape (Foty and Steinberg, 2005) .
Magnetic forces
Magnetic nanoparticles are injected into the embryo; subsequently, external magnetic field gradients are applied to cause the deformation of developing tissues (Desprat et al., 2008) . Magnetic microparticles coated with specific receptor ligands can also be used to apply controlled tensional or shear stresses to cells via ligated surface receptors by using magnetic tweezers (Matthews et al., 2006) or magnetic twisting cytometry (Wang et al., 1993) .
Atomic force microscopy (AFM)
AFM is used to measure tension in the cell cortex by deforming the surface of single cells and recording the force-indentation curves (Krieg et al., 2008) . It can also be used to determine the force required to deform ECM-integrin adhesions (Choquet et al., 1997) , to physically separate adherent single cells (Krieg et al., 2008) , or to stretch single molecules (Puchner et al., 2008) .
Traction force microscopy
The traction forces of single cells can be visualized and quantitated by culturing cells on a thin flexible substrate containing fiduciary markers (e.g. fluorescent nanobeads) if the elasticity (Young's modulus) of the substrate is known and marker displacements can be measured (Dembo and Wang, 1999; Wang and Li, 2009 ).
Microengineered adhesive substrates
Cell shape distortion can be precisely controlled by culturing cells on ECM-coated adhesive islands (the shape, size and position of which can be determined on the micrometer scale) that are engineered using microcontact printing techniques and surrounded by nonadhesive regions (Chen et al., 1997) . Microfabricated arrays of ECM protein-coated pillars can be used to measure piconewton-scale forces exerted by single cells at individual adhesion sites by measuring the deformation of the pillars (Tan et al., 2003) . Such methods permit the investigation of how cell shape, traction force and prestress contribute to cell fate determination.
Microfluidic systems
Microfluidic systems can be used to explore the role of fluid shear stress and suction forces on cell and tissue behavior (Bao et al., 2008; Yi et al., 2006) . controls the shape and sorting of liquid drops with different surface energies (Steinberg, 2007) . Interestingly, this 'differential adhesion hypothesis' has been recently confirmed experimentally using quantitative engineering analysis techniques (Box 2) (Ninomiya and Winklbauer, 2008; Foty and Steinberg, 2005) . Tissue surface tension increases linearly with the surface expression level of cadherin cellcell adhesion receptors in cultured cells (Foty and Steinberg, 2005) , which are also crucial for progenitor cell sorting into distinct germ layers, both in vitro (Schotz et al., 2008) and during vertebrate gastrulation in vivo (Gumbiner, 2005) .
Intercellular surface tension results from a balance between adhesion forces generated by cadherin receptors and intracellular tension generated by the contractile actomyosin cytoskeleton (Lecuit and Lenne, 2007) . This is a complex process, as the strength of cellcell (and cell-ECM) adhesions can also be enhanced by altering cytoskeletal tension, which promotes molecular assembly into junctional complexes (and focal adhesions) (Lele et al., 2006a; Miyake et al., 2006) . Chemical morphogens, such as Nodal and transforming growth factor beta (TGFb), control cell sorting during the initial phases of gastrulation by modulating cell contractility, which alters the level of surface tension on these cells (Krieg et al., 2008) . Cadherins colocalize with cortical actin, and the amount of cadherins on the cell surface influences cortical actin assembly, which maintains cell shape, rigidity and tension in the embryo via a mechanism that involves G protein-coupled receptors (Tao et al., 2007) (Fig. 2A) . Tension generated in the actomyosin cytoskeleton Cytoskeletal tensional forces exerted on, or transmitted across, adhesions under the control of the Wnt/PCP and Rho/ROCK signaling pathways might help to drive tissue closure; underlying amnioserosa cells also contribute by mechanically pulling on the overlying epidermal cells. Although mechanically driven, the entire process of dorsal closure is controlled by soluble morphogens, such as Dpp. REVIEW Development 137 (9) appears to be as crucial for the control of surface tension during germ layer organization in zebrafish as adhesion forces between cadherin receptors on neighboring cells (Schotz et al., 2008) . Moreover, recent work suggests that actomyosin-based contractility is the primary mechanism responsible for boundary maintenance in proliferating tissues during compartmental cell sorting in the course of embryogenesis. For example, in early Drosophila embryos, myosin II-based contractile forces result in a stiffening of cells that physically restricts mitotic cells from intermixing with neighboring compartments (Monier et al., 2010) . In the developing Drosophila wing, Rho/ROCK/myosin II-dependent tension exerted on cell-cell adhesions also appears to contribute to compartmental boundary maintenance, but in this case by physically guiding cell rearrangements after cell division (Landsberg et al., 2009) . Living cells control their form through a tensegrity mechanism (a term first used in architecture that is short for 'tensional integrity'), meaning that shape stability results from a balance between tensile and compressive forces acting on and inside the cell that establish a state of isometric tension or prestress (Box 1) in the cytoskeleton (reviewed by Ingber, 2006) . Taken together, these observations suggest that tensional forces generated via mechanochemical mechanisms in the contractile cytoskeleton oppose adhesive forces exerted on cadherins by the tensile cytoskeleton of neighboring cells in cell-cell junctions and thereby establish a mechanical force balance. This cellular mechanical force equilibrium appears to be crucial for both early progenitor cell sorting and tissue remodeling during later development. For example, recombination experiments in Xenopus embryos indicate that epithelial tissues modulate the surface tension that drives the pattern formation of underlying mesenchymal tissues (Ninomiya and Winklbauer, 2008) , and the surface tension of the embryonic heart is crucial for cardiac loop formation in chick embryos ex vivo (Voronov and Taber, 2002) . The level of cytoskeletal prestress also continues to be important for the control of cell, tissue and organ shape stability throughout adult life (reviewed by Ingber, 2006) .
Patterning of the anteroposterior axis
The basic metazoan body plan is established during gastrulation by a set of highly conserved morphogenetic movements, and several lines of evidence suggest that these shape transformations are driven by cell-generated traction forces. For instance, CE movements induce tissue narrowing along the mediolateral axis, a process that concomitantly lengthens the gastrula stage embryo in the anteroposterior direction. During Drosophila germ band extension (GBE), epithelial cells intercalate and remodel their apical junctions to elongate the germ band (Bertet et al., 2004) , and CE movements are also crucial for Xenopus gastrulation, in which intercalation occurs in the presumptive mesoderm to form a notochord with less pronounced junctional remodeling (Keller et al., 2003; . These shape transformations are driven by cells that exert traction forces (Box 1) on the ECM or on adjacent cells (Fig. 2B) . To accomplish these movements, cells protrude actin-based filopodial processes medially and laterally that extend between neighboring cells to make new cell-cell contacts via the binding of cadherins at their tips (Hogan et al., 2004; Brevier et al., 2008) . The exertion of local tensional forces on these adhesions drives the planar remodeling of cell-cell junctions, which prevents cells from reverting to their original orientation and ensures longdistance force transfer during Drosophila GBE (Bertet et al., 2004; Blankenship et al., 2006) . Embryonic axis formation is stabilized by the generation of actomyosin-based tension, which organizes and stiffens the cytoskeleton in the paraxial somatic mesoderm (Zhou et al., 2009 ). Myosin II is also enriched at sites of tension application at the surface of intercalating cells (Fernandez-Gonzalez et al., 2009 ). These observations suggest that the anisotropy of the micromechanical environment contributes significantly to controlling tissue pattern formation in Drosophila embryos (Rauzi et al., 2008) .
The mechanical forces that drive CE movements in Xenopus and zebrafish are regulated by the Wnt/PCP pathway (Takeuchi et al., 2003) . The effects of these signaling molecules are mediated by the small GTPase Rho (Unterseher et al., 2004; Berger et al., 2009) , an upstream RhoGAP inhibitor (Denholm et al., 2005) and the downstream effector Rho-associated kinase (ROCK) (Tanegashima et al., 2008) , which modulate myosin-dependent tension generation in cells. These studies indicate that conserved morphogens, such as Wnts, induce cells undergoing CE to continually generate cytoskeletal tension and to exert this force on their adhesions. As a result, all cells change their shape, reorient and align their actin cytoskeleton, which further amplifies this contractile response. The transmission of these forces over multiple cells drives cell realignment and induces tissue restructuring, as observed in Drosophila GBE (Butler et al., 2009 ).
Tissue folding, invagination and dorsal closure
During gastrulation, tissue folding is initiated by a subset of cells that physically constrict their apical membranes and expand their basal domains along the ventral midline of the embryo, resulting in the inward folding (invagination) of the presumptive mesoderm to form the epithelium of the ventral furrow (Fig. 2C) . In C. elegans, this apical constriction is regulated by the local accumulation of myosin II at the apical surface of the invaginating cells (Sawyer et al., 2009; Young et al., 1991) . This local enrichment of myosin II is established by the recruitment of PAR proteins (PAR-3 and PAR-6) to the free apical membrane (Goldstein and Macara, 2007; Nance et al., 2003) , much as asymmetry is established in the egg and in earlier embryonic tissues, as described above. Moreover, soluble morphogens appear to control invagination by activating actomyosin-based contractility (Chisholm, 2006; Corrigall et al., 2007; Lee et al., 2006) . For example, in C. elegans, the Wnt signaling pathway controls gastrulation by altering myosin light chain phosphorylation and actin network contractility at the apical side of endodermal precursor cells (Lee et al., 2006) , whereas in the morphogenetic furrow of the developing Drosophila eye, Hedgehog (Hh) signaling regulates apical constriction and ingression by activating Rho, ROCK and myosin II (Corrigall et al., 2007) .
Importantly, mechanical forces can also activate chemical signaling pathways that are crucial for developmental control. The mechanical deformation of Drosophila embryos with magnetic tweezers, which mimics the compression of anterior pole stomodeal cells due to GBE through cell intercalation, activates the expression of the basic helix-loop-helix transcription factor Twist by inducing b-catenin to translocate from cell junctions to the nucleus, and this mechanical induction process is necessary for the differentiation of the anterior mid-gut organ derived from these cells (Desprat et al., 2008) . In the mesoderm, Twist activates downstream signaling molecules, including the zinc-finger transcription factor Snail and the secreted protein Folded gastrulation (Fog), which leads to tissue invagination Dawes-Hoang et al., 2005; Kolsch et al., 2007) . Snail generates reversible pulsed apical constrictions that are subsequently followed by a Twist-dependent collective cell constriction through the stimulation of actomyosin-based contractility via Rho/ROCK pathway activation, which leads to tissue invagination in Drosophila (Martin et al., 2009 ). Twist-dependent constriction also appears to be sensitive to the mechanical strain produced in the mesoderm by the Snail-dependent contraction pulses, which in turn result from an amplification of Fog signaling attributable to the mechanical inhibition of Fog endocytosis (Pouille et al., 2009 ). The endocytosis of another crucial morphogen, Bone morphogenetic protein 2 (Bmp2), is also mechanosensitive, and mechanical forces influence the fate of mouse mesenchymal stem cells via this mechanism (Rauch et al., 2002) . These findings provide a good example for how soluble morphogens exert their effects, in part, by inducing changes in cell and tissue mechanics that, in turn, feed back to modulate the chemical signals governing collective morphogenetic cell movements.
At the end of gastrulation, the dorsal surface of the Drosophila embryo is covered by a large flat amnioserosa surrounded by the dorsal epidermis, and dorsal closure is controlled mechanically by forces that drive the sealing of the two symmetrical lateral epithelial sheets (Fig. 2D ). This closure process involves an orchestrated interplay between the lateral epidermis and the amnioserosa, which are both extremely sensitive to their micromechanical environment (Kiehart et al., 2000) . Dorsal closure begins with the accumulation of actin and myosin at the leading edge of the lateral epidermis, which increases cell traction forces that pull the edges toward the midline (Jacinto et al., 2002) and cause the cell apices to constrict, resulting in a purse-string closure of the epidermis (Kiehart et al., 2000) . The apical constriction of the amnioserosa cells and the subsequent reduction of their surface area also contribute to dorsal closure (Gorfinkiel et al., 2009; Kiehart et al., 2000) .
Importantly, local decapentaplegic (Dpp), a Drosophila TGFb/BMP homolog, triggers the local myosin II-dependent contraction of cells in the epidermis and amnioserosa during dorsal closure Franke et al., 2005) . Apical constrictions of the amnioserosa also generate ratchet-like pulling forces on the actin cables of the lateral epidermis that move the epithelial sheets towards each other (Solon et al., 2009 ). The initially columnar amnioserosa cells flatten and elongate by reorienting their internal microtubules, and these dynamic cytoskeletally driven cell shape changes are crucial for the tissue closure process to proceed efficiently and smoothly (Pope and Harris, 2008) . Interestingly, microtubules resist significant compressive forces in adult mammalian cells (Brangwynne et al., 2006) , and by resisting actomyosin-based tensile forces via a tensegrity mechanism, they contribute to the control of the cytoskeletal prestress that maintains cell shape stability in embryonic and adult tissues and organs (reviewed by Ingber, 2006) .
During the closing stages of dorsal closure, cells at the leading edge of the embryonic Drosophila epidermis come within close proximity of each other and protrude finger-like filopodia over the amnioserosa (Jacinto et al., 2000) . Interestingly, past studies with cultured nerve cells using direct mechanical measurement techniques have revealed that filopodial extensions constantly exert strong traction forces on their adhesions (Box 1), even though they actively grow outward from the cell membrane, as a result of actin polymerization within the filopodial core (Heidemann and Buxbaum, 1994) . Thus, filopodia that span the gap between opposing leading edges of the approaching epithelial layers might similarly exert traction and help to pull these tissues together (Jacinto et al., 2002) . In support of this idea, adhesive interactions between the filopodia of matching cells along this leading edge lead to the formation of tethers that appear to pull epithelial sheets into alignment during dorsal closure (Millard and Martin, 2008; Jacinto et al., 2000; Kiehart et al., 2000) . This process of 'filopodial matching' results in the formation of mechanical connections between stiffened cytoskeletal elements and cell-cell adhesions, which support tensional force transmission over long distances spanning multiple cells; again, this guides sheet movement and tissue patterning at even larger size scales. Concomitant with these movements, the two flanks of the lateral epidermis zip together through the dynamic remodeling of cell-cell junctions mediated by interactions between b-catenin and cadherins. Again, cell traction forces (Box 1) are central to this process (Gorfinkiel and Arias, 2007) . Additional tensional forces are generated by the apoptosis of amnioserosa cells, which results in the distortion of neighboring cells and eventually in a pull on the surrounding group of cells as the apoptotic cells involute. This volume contraction generates about half of the total force required for dorsal closure and influences the speed of closure (Toyama et al., 2008) . In this manner, both tension generated in the cytoskeleton of individual cells and more generalized mechanical forces that result from cell loss or multicellular deformation help to drive crucial morphogenetic changes in the developing Drosophila embryo.
Establishment of planar cell polarity
During later development, cell tensional forces also contribute significantly to the coordinated orientation of multiple differentiated cells that underlies PCP establishment, which plays a crucial role in the formation of multiple organ systems in Drosophila, including wings, the auditory epithelium and eyes (Karner et al., 2006) . For example, during wing development, epithelial cells polarize using cytoskeletal traction forces (Box 1) to pull against neighboring cells, which results in the alignment of intercellular junctions. This process is mediated by junctional remodeling regulated by PCP signaling molecules, such as Wnt and the small GTPase Rab11, that control cell packing geometry as cells convert from irregular forms into a hexagonal array shortly before hair formation (Classen et al., 2005; Farhadifar et al., 2007) .
The asymmetric distribution of cytoskeletal and junctional proteins also contributes to polarized cell behavior during hexagonal packing (Blankenship et al., 2006) , and actomyosindependent contractility as well as long-distance force transmission across the tissue appear to be crucial for this process. For example, myosin II is enriched in a bipolar manner within the aligned cells of the prospective denticle field and contributes to cell rearrangements during the establishment of PCP in the forming wing by acting in concert with denticle field-specific effectors (Walters et al., 2006) . Thus, these epithelial packing patterns, which govern functional wing formation, also appear to be determined by a balance between cytoskeletal pulling forces and resisting adhesive tethers that attach to neighboring cells and the underlying ECM (Farhadifar et al., 2007) . Interestingly, studies on adult mammalian cells indicate that endothelial cells similarly polarize their cytoskeleton, nucleus and membrane components when they pull against an adhesive substrate (Ingber et al., 1986) , and that they also use mechanical feedback and Rho signaling to sense these cell shape asymmetries (Mammoto et al., 2007) . The modulation of cytoskeletal tension through the Rho/ROCK/myosin II pathway regulates Wnt/PCP signaling, which controls junctional resistance sites (Figs 2, 3) crucial to the establishment of cell orientation. This, in turn, is pivotal for the control of cell division (Karner et al., 2009) , directional cell migration (Phillips et al., 2005; Bastock and Strutt, 2007) and packing geometry (Chen et al., 2006) . In mouse kidney development, a similar mechanochemical PCP signaling mechanism underpins the consistent orientation of mitotic cells along the tubular axis that drives the lengthening of developing renal tubules. A disturbance of mechanosensing by the primary
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Development 137 (9) REVIEW Development 137 (9) cilia, which is mediated by polycystin-1/2 mechanosensitive ion channels on the cell surface, can affect mitotic alignment, cause renal tubular enlargement and result in cyst formation, as observed in mice with polycystic kidney disease (Fischer et al., 2006; Nauli et al., 2003) .
Organogenesis
Virtually all organs are sensitive to mechanical cues during their formation in the later stages of embryological development. Mechanical forces are crucial for the formation of blood vessels (Lucitti et al., 2007; Mammoto et al., 2009) , lungs (Cohen and Larson, 2006; Gutierrez et al., 2003; Inanlou and Kablar, 2003; Moore et al., 2005) , kidneys (Serluca et al., 2002; Vasilyev et al., 2009) , muscle (Kahn et al., 2009 ), mammary glands (Alcaraz et al., 2008 ), brain (Anava et al., 2009 Moore et al., 2009; Wilson et al., 2007) , cartilage and bone (Ohashi et al., 2002; Stokes et al., 2002) , as well as of the hematopoietic system (Adamo et al., 2009; North et al., 2009 ) and the heart (Forouhar et al., 2006; Hove et al., 2003; Voronov et al., 2004) . For example, in zebrafish embryos, the heart starts pumping blood using a hydroelastic impedance pumping mechanism in which waves of contraction and elastic deformation of the heart chamber, generated by myocytes located near the heart tube entrance, travel forward and reflect back to generate dynamic suction forces that drive blood flow even before valves form (Forouhar et al., 2006) . Shear stress (Box 1) generated by blood flow due to heart pumping is also crucial for arterio-venous cell fate determination, as indicated by the activation of arterial markers, such as ephrin B2, in the endothelial cells of the chick yolk sac (le Noble et al., 2004 ). Blood flow is also required for the normal development of the hematopoietic system in mice and zebrafish; this effect appears to be mediated by the induction of the transcription factor Runx1 through flow-sensitive nitric oxide (NO) production (Adamo et al., 2009; North et al., 2009) . Mechanical pressure applied to the vascular wall also influences blood vessel formation in chicken embryos (Lucitti et al., 2006) .
Mechanical forces play a similarly central role in the developmental control of other forming organs. Fluid shear forces promote kidney development by orchestrating collective epithelial movements to form functional nephrons in zebrafish (Vasilyev et al., 2009) . Increased amniotic fluid pressure and cystic fibrosis transmembrane conductive regulator-dependent muscle contractions similarly accelerate lung maturation in rats (Cohen and Larson, 2006) , and pressure caused by the inspiration of air with the first breath after birth appears to be crucial for lung maturation, as rat lung epithelium increases surfactant synthesis and secretion when mechanically distorted (Gutierrez et al., 2003) .
In the developing mouse heart, nonmuscle myosin heavy chains IIA and IIB are asymmetrically expressed in the embryonic heart tube, and their position appears to be closely correlated with the direction of heart looping regardless of the distribution of the key transcription factor Pitx2 (Linask et al., 2003; Linask et al., 2002; Lu et al., 2008) . Moreover, the disruption of myosin-based tension generation with a ROCK inhibitor during the initial stages of heart looping disturbs morphogenesis in this system (Wei et al., 2002) ; however, tension inhibitors do not interfere with heart looping in chicks, so the conservation of this mechanism remains uncertain (Remond et al., 2006) . In rats, the heart also alters its stiffness according to its developmental stage by changing the isoform ratios of the cytoskeletal protein titin, the elastic properties of which influence the physical compliance of heart tissue (Lahmers et al., 2004) . The C-terminal kinase domain of titin unfolds in response to mechanical strain, leading to the exposure of an ATP-binding site for autophosphorylaton; in this manner, titin might work as a strainsensing molecule for force adaptation in muscle (Puchner et al., 2008) . Thus, embryonic organs appear to adapt their material properties in response to the changes in the physical demands on their function that occur during each developmental stage, and There is an increase in distal lung buds at the low dose and a largescale contraction of the entire gland at the high CNF-1 dose that greatly enhances cell contractility. Scale bar: 500 mm. (C) Immunofluorescence micrograph of a section through a normal lung rudiment stained for the basement membrane protein laminin. The arrow indicates a region of the basement membrane at the periphery of one epithelial bud, showing that the thinnest regions of the basement membrane typically appose the part of the epithelium with the most rapid cell growth and tissue expansion rates. Reproduced, with permission, from Moore et al. (Moore et al., 2005) .
cytoskeletal prestress and mechanotransducer molecules play central roles in these responses, much as they do in adult tissues (reviewed by Ingber, 2006) .
The application of bioengineering approaches to cell and developmental control have revealed that cytoskeletal tensiondependent changes in cell shape and variations in ECM compliance also alter the direction in which cells move and grow, which are crucial behaviors that drive tissue patterning during organogenesis in vitro and in vivo (Parker et al., 2002; Mammoto et al., 2009; Nelson et al., 2005) . The analysis of embryonic mouse lungs has also confirmed that epitheliogenesis and angiogenesis can be altered by modulating Rho signaling and myosin-dependent tension generation in the cytoskeleton in vivo (Moore et al., 2005) . Altering cytoskeletal tension changes the forces that cells exert on their basement membrane (BM) adhesions in the tissues of forming lungs, and if cytoskeletal tension is too high, the expansion of the whole lung organ is suppressed (Fig. 3A,B) . The BM at the tips of growing epithelial buds in the lung is thinner than the surrounding BM regions (Fig. 3C) , and actin stress fiber alignment is more pronounced in mesenchymal cells beneath these same sites, suggesting that the cellular force balance might be altered in these regions as well. Moreover, inhibiting cytoskeletal tension with Rho/ROCK antagonists blocks BM thinning in these regions and prevents both epithelial budding morphogenesis and branching angiogenesis in the developing lungs (Moore et al., 2005) . Thus, the ability to generate spatial variations in the mechanical force balance between epithelial cells and their underlying BM, by altering either cytoskeletal tension or ECM mechanics, could be responsible for the establishment of local growth differentials that drive tissue patterning in many developing organs, both in embryos and adults (Huang and Ingber, 1999; Moore et al., 2005) .
Tensional forces and ECM mechanics also contribute to epithelial cell differentiation and morphogenesis during mammary gland development (Alcaraz et al., 2008; Nelson et al., 2006) . For example, both the correct composition and elasticity of the ECM are required for the maintenance of mammary epithelial cell differentiation, as measured by b-casein expression in cultured breast epithelial cells (Alcaraz et al., 2008) . A complete loss of ECM structure (and hence of resistance to cell traction forces; see Box 1) also leads to mammary gland regression (Wicha, 1984; Wicha et al., 1982) , as well as to the involution of capillary blood vessels (Ingber et al., 1986) . Local variations in myosin IIdependent cortical tension guides branching in forming capillary blood vessels (Fischer et al., 2009) , which is crucial for the development of almost all organs in vertebrates, as well as for many pathological processes, including cancer and macular degeneration. Variations in ECM elasticity also control angiogenesis in vitro and in vivo by regulating p190RhoGAP signaling, which in turn alters the balance between two antagonistic transcription factors, TFII-I and Gata2, that control the expression of a receptor for angiogenic factors, vascular endothelial growth factor receptor 2 .
Interestingly, neoplastic transformation might also involve alterations in the physical interactions between cells and the ECM that increase cell tension (Paszek et al., 2005; Butcher et al., 2009; Ingber, 2008; Bissell et al., 2005; Levental et al., 2009) . Moreover, in mouse colon tissues deficient in the tumor suppressor gene adenomatosis polyposis coli, the physical deformation of cells and tissues, as might occur in a disturbed micromechanical environment within premalignant lesions, induces the transcriptional upregulation of oncogenes, such as Myc and Twist1, through the nuclear translocation of b-catenin (Whitehead et al., 2008) . The abnormal Rho-mediated sensing of mechanical cues in the tumor microenvironment also appears to contribute to the aberrant behavior of tumor capillary endothelial cells, resulting in the development of characteristic structural abnormalities in the cancer microvasculature that interfere with drug delivery and radiation therapy (Ghosh et al., 2008) . Taken together, these findings suggest that cancer could be seen as a disease of tissue development that results from the deregulation of both chemical and mechanical cues in the local tissue microenvironment.
Finally, it is important to note that abnormal mechanical environments can interfere with normal organogenesis and produce organ malformations (Bartman et al., 2004; Cohen and Larson, 2006; Hove et al., 2003; Inanlou and Kablar, 2003; Lucitti et al., 2007; Moore et al., 2005; Vasilyev et al., 2009) (Table 1 ). In addition, certain developmental abnormalities, such as esophageal atresia, a blind-ended pouch of the esophagus, can be repaired clinically solely by restoring normal tension distributions using tensed surgical sutures that mechanically stretch the remaining tissue structures (Foker et al., 1997) . Thus, just as mechanical forces generated by the cells of the developing embryo play a central role in normal organogenesis, the disturbance or loss of normal mechanical cues can lead to severe developmental defects.
Molecular basis of cellular mechanotransduction
During organogenesis, individual cells sense changes in physical forces and transduce them into intracellular signals that drive the alterations in cell shape, polarity, growth, migration and
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Development 137 (9) (9) differentiation required for tissue development. The molecular mechanisms by which forces applied to living cells alter the intracellular biochemistry and gene expression crucial for developmental control remain to be fully defined. However, great advances have been made in this field of mechanotransduction over the past two decades (reviewed by Ingber, 2006; Orr et al., 2006) . These studies have revealed that cell surface adhesion receptors that link the internal cytoskeleton to the ECM and to neighboring cells (e.g. integrins and cadherins, respectively) provide preferred molecular pathways for mechanical signal transfer across the cell surface (Fig. 4) . Cell tensional forces that are generated in the actomyosin cytoskeleton are also resisted by these adhesive tethers to neighboring cells and the ECM, and by internal cytoskeletal structures that resist being compressed, such as microtubules or cross-linked actin filaments within filopodia (Wang et al., 2001; Brangwynne et al., 2006; Ingber, 2006) . This results in the establishment of a tensegrity-based mechanical force balance that generates cytoskeletal prestress ensuring cell, tissue and organ shape stability (reviewed by Ingber, 2006) .
Because cells and tissues are tensionally prestressed, forces transmitted between cells across ECM and cell-cell junctions are transmitted to multiple sites in the cell over cytoskeletal linkages, and the efficiency of this signal transfer is sensitive to the level of tensional prestress in the cells, which 'tunes' the cellular response, much as mechanical tension tunes a violin string (Box 1) (Wang et al., 2001; Wang et al., 2009) . Mechanical forces exerted on surface adhesion receptors and channeled along cytoskeletal filaments can be converted into changes in molecular biochemistry at the cell surface or in junctional complexes (e.g. focal adhesions, cell-cell adhesion complexes) via tension-or strain-dependent changes of molecular shape that expose new binding sites, as seen, for example, in p130Cas, talin and fibronectin (Tamada et al., 2004; Sawada et al., 2006; Brown and Discher, 2009; Zhong et al., 1998; Gee et al., 2008; del Rio et al., 2009) , that alter molecular binding or unbinding kinetics (Lele et al., 2006b) or that modulate ion flux through membrane channels (Thodeti et al., 2009) . These forces might also be concentrated at distant sites in the nucleus, where they can alter gene activity or stem cell fate through the modulation of nuclear ion channels (Itano et al., 2003) or through the nuclear transport of key signaling molecules, such as of b-catenin (Farge, 2003; Kahn et al., 2009 ), or of transcription factors, such as TFII-I or Gata2 , to determine cell fate and drive tissue development. Again, the efficiency of force transmission depends directly on the level of isometric tension in the cytoskeleton (reviewed by Ingber, 2006; Wang et al., 2009) . Importantly, such Mechanical forces generated by acto-myosin interactions within the cytoskeleton are resisted by integrin adhesions to the ECM, cadherin adhesions to neighboring cells and internal cytoskeletal struts (e.g. microtubules and cross-linked actin bundles as in filopodia), thereby establishing a tensional prestress that stabilizes cell and tissue structure through a tensegrity mechanism (reviewed by Ingber, 2006) . Alterations in the mechanical forces that are balanced between the ECM, neighboring cells and opposing cytoskeletal elements modulate intracellular biochemistry and gene expression (Ingber, 2006; Stamenovic and Ingber, 2009) . Molecules involved in cytoskeletal tension generation, including actin, myosin II, Rho, ROCK and the Rho modulator p190RhoGAP, play a central role in this form of mechanical signaling. External forces (e.g. fluid shear stress) also can modulate gene transcription, for example through changes in nitric oxide (NO) signaling. The binding of growth factors and ECM ligands to their respective cell surface receptors can alter cellular biochemistry and gene expression independently of changes in cell prestress or external forces; however, mechanical stresses govern the final biochemical response and determine cell fate (e.g. whether stem cells differentiate into bone, muscle, nerve, blood or other cells). Physical forces exerted on surface adhesion receptors are also transmitted directly to the nucleus along cytoskeletal filaments and molecules that connect the cytoskeleton to the nucleus, such as nesprin . Nuclear envelope molecules, such as lamin, stabilize nuclear architecture under mechanical strain, and defects in nuclear mechanical signaling can lead to developmental abnormalities. a hard-wired mechanism for nuclear mechanotransduction in response to forces acting on the cell surface is much faster than conventional chemical signal propagation (Na et al., 2008) .
Members of the nesprin family of outer nuclear membrane proteins, which have been implicated in nuclear mechanotransduction because they physically link the intermediate filament lamin proteins of the nuclear scaffold to cytoskeletal filaments in the cytoplasm , are crucial for musculogenesis in Drosophila (Zhang et al., 2002) . Other molecules that anchor the nuclear membrane to lamins, such as Kugelkern (Brandt et al., 2006) , also regulate nuclear architecture and dictate epithelial morphology during cellularization (Pilot et al., 2006) . This could be relevant for developmental control because nuclear envelope lamins stabilize nuclear architecture under mechanical strain through mechanically activated NF-kB transcription (Lammerding et al., 2004) . Moreover, mutations in the genes that encode certain lamins and other key nuclear structural molecules cause the altered nuclear mechanics that underlie various human congenital developmental disorders, including Emery-Dreifuss muscular dystrophy, dilated cardiomyopathy and Hutchinson-Gilford progeria syndrome (Lammerding and Lee, 2009) .
Cytoskeletal tension as a fundamental bioregulator
As discussed above, it appears that cell shape and cytoskeletal structure might be altered by changing the level of cell contractility or prestress (Box 1), the mechanical compliance of the ECM (e.g. through biochemical remodeling), the strength of cell-cell or cell-ECM adhesions, or the number or size of cells packed within a tissue volume that is bounded by a relatively rigid ECM (Fig. 4) . Studies with cultured anchorage-dependent cells that require adhesion to an ECM substrate to survive, such as endothelial or mesenchymal stem cells, have revealed that changes in cell fate between growth, differentiation and apoptosis can be controlled by altering similar parameters, including cell shape (Chen et al., 1997; Dike et al., 1999) , the actin or microtubule cytoskeleton (Mooney et al., 1994) , ECM elasticity (Engler et al., 2006) , tissue patterns (Ruiz and Chen, 2008; Nelson et al., 2005) or Rho/ROCK signaling (McBeath et al., 2004; Mammoto et al., 2004; Numaguchi et al., 2003) . For example, single endothelial cells proliferate when spread on large (>1500 mm 2 ) microfabricated ECM adhesive islands, undergo apoptosis when cultured on small islands that completely prevent cell extension (<500 mm 2 ), and become quiescent and differentiate when spread to a moderate degree on a substrate of intermediate size (Dike et al., 1999) .
Neuronal cells exert mechanical tension on their substrate adhesions, which is crucial for nerve guidance, and tension distributions and the ECM area available for spreading govern the formation and function of mature neuronal networks (Anava et al., 2009; Moore et al., 2009; Wilson et al., 2007) . Mechanical tension within Drosophila axons is also pivotal for the formation and clustering of neurotransmitter vesicles (Siechen et al., 2009) , suggesting that the micromechanical environment is central to the maintenance and functionality of neuronal information processing.
The mechanical control of lineage switching appears to play a key role in the differentiation of stem cells. For example, mesenchymal stem cells held in different shapes or cultured on artificial polyacrylamide gels of different stiffnesses that are coated with ECM proteins decide their fate depending on the elasticity of their ECM substrate, even when cultured in the presence of soluble inducing factors, and this mechanical control mechanism depends on the generation of Rho-dependent cytoskeletal tension (McBeath et al., 2004) . Interestingly, cells preferentially differentiate into distinct cell types (e.g. neuron versus bone or muscle) when cultured on ECMs with a mechanical stiffness that is most similar to that of the respective in vivo tissue (Engler et al., 2006) . Undifferentiated mouse embryonic stem cells also appear to be highly mechanosensitive, and they rapidly change their mechanics and lose pluripotency (as measured by the suppression of Oct3/4 gene expression) when exposed to mechanical stress (Chowdhury et al., 2009 ). These findings suggest that stem cells are exquisitely sensitive to their physical microenvironment and that mechanical cues are as important for the control of stem cell growth and function as soluble factors.
Mechanical adhesive interactions between stem cells and surrounding supporting stromal cells (or their intervening ECM) might similarly promote asymmetric cell divisions that are crucial for the maintenance of stem cell niches in the embryo, as has been described for the Drosophila testis (Tanentzapf et al., 2007) and for neuroblasts (Siegrist and Doe, 2006) . This possibility is supported by the finding that the loss of cadherin function, which disrupts cellcell junctions within germ line stem cells, causes the subsequent loss of ovarian and testicular stem cells in Drosophila (Song et al., 2002) and mice (Karpowicz et al., 2009 ). However, these mechanical cues must be integrated with other chemical signals, such as growth factors (e.g. insulin-like growth factor or fibroblast growth factor) (Bendall et al., 2007) , to exert effective developmental control.
Conclusions
The myriad findings described above illustrate the point that mechanical forces play a central role in morphogenesis and tissue patterning, and that physical cues are as important as chemical factors for developmental control throughout virtually all stages of embryogenesis. Although the contribution of physical forces to cell and tissue deformation in the embryo has been recognized for over a century, it is only recently that mechanical stresses have been shown to function as informative signals that produce specific changes in molecular biochemistry and gene expression through the process of cellular mechanotransduction. Moreover, although virtually all physical forces in the developing embryo must, at some level, result from the action of its constituent cells, it is only now becoming clear that cytoskeletal tension is the driving force behind many of these key mechanical processes and mechano-chemical transduction events. Cells sense changes in mechanical signals based on their ability to alter biochemistry and to induce remodeling in the cytoskeleton and the ECM at the molecular level, but the extent of this response and the efficiency of mechanical signal transfer throughout the cell and nucleus depend on the level of isometric tension or prestress in the cytoskeleton. At the same time, cellgenerated tensile forces alter the chemical signals that are conveyed by cells, in addition to producing the distortion of neighboring cells and ECM molecules that propagate mechanochemical signaling over long distances, thus driving tissue patterning and organ formation at the scale of the whole embryo.
Therefore, although developmental biology has been dominated by a focus on genes and chemical interactions over the past century, it is time to explore further how mechanical forces that act on cell surface receptors and linked cytoskeletal networks can exert their potent effects on tissue development during embryogenesis, as well as throughout adult life. These findings also raise the possibility that a better understanding of these mechanochemical control mechanisms might increase our chances of reversing developmental defects and of treating diseases, such as cancer, by restoring normal mechanical loading conditions or by correcting abnormal mechanochemical signaling mechanisms. Thus, the field of REVIEW Development 137 (9) REVIEW Development 137 (9) mechanical developmental biology would benefit greatly from carrying out more studies that involve the application of controlled mechanical stresses at specific locations in whole developing organs and embryos, and the measurement of the resulting changes in molecular events and in shape transformations that are key to developmental control. It is also necessary to create new methods to measure endogenous mechanical forces and local variations of the material properties of cells, the ECM and tissues within forming organs, and to analyze how mechanical cues and chemical signals dynamically interact in situ during important morphogenetic and embryological patterning events. These goals will best be advanced by combining approaches from cell and developmental biology with those from physics, engineering and computer science, and by training students to be conversant in all of these diverse disciplines.
